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Abstract—Coherent optical fiber communications for data rates of 
100Gbit/s and beyond have recently been studied extensively primarily 
because high sensitivity of coherent receivers could extend the 
transmission distance. Spectrally efficient modulation techniques such 
as M-ary quadrature amplitude modulation (M-QAM) can be employed 
for coherent optical links. The integration of multi-level modulation 
formats based on coherent technologies with wavelength-division 
multiplexed (WDM) systems is key to meeting the aggregate bandwidth 
demand. This paper reviews coherent 16 quadrature amplitude 
modulation (16QAM) systems to scale the network capacity and 
maximum reach of current optical communication systems to 
accommodate traffic growth. 
 
 
The surge in the transmission capacity of wavelength-
division multiplexed (WDM) systems has resulted in a 
great interest in multi-level modulation formats based on 
coherent technologies to meet the ever-increasing 
bandwidth demand [1-4]. The demonstration of digital 
carrier phase estimation in coherent receivers has resulted 
in a great interest in coherent optical communications [2]. 
Spectrally efficient modulation techniques known from 
wired or wireless communication systems such as M-ary 
phase shift keying (PSK), quadrature amplitude 
modulation (QAM) and coherent optical orthogonal 
frequency division multiplexing (CO-OFDM) can be 
employed for coherent optical links [5,6]. Modulation 
formats with k bits of information per symbol can achieve 
a spectral efficiency of up to k bit/s/Hz/polarization 
compared with 1 bit/s/Hz/polarization for binary 
modulation formats, where k is the number of bits per 
symbol. Moreover, since the phase information is 
preserved after detection, linear equalization methods can 
be used to compensate for linear optical impairments, 
such as chromatic dispersion and polarization mode 
dispersion (PMD). In addition, advanced forward error 
correction (FEC) techniques can be applied to increase the 
reach and robustness of optical communication systems. 
These aforementioned advantages of coherent links have a 
great potential to revolutionize current optical 
communication systems [3, 7]. 
Phase and polarization diverse digital coherent receivers 
have the potential to increase the capacity of current 
optical fiber networks, where all four optical carrier 
dimensions (the in-phase and quadrature-phase 
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components of two orthogonal polarizations) are used for 
modulation [8, 9]. QPSK modulation/demodulation 
research employing optical IQ modulation (IQM) and 
optical delay detection has been demonstrated where the 
bit rate is doubled while maintaining the symbol rate [10]. 
100-Gb/s transmission systems employing quadrature 
phase-shift keying (QPSK) modulation, polarization-
division multiplexing at a symbol rate of 25 GBd, have 
recently been demonstrated and deployed in commercial 
networks [11]. 
The recent development of high-speed digital signal 
processing (DSP) has offered a simple and efficient means 
for estimating the optical carrier phase by retrieving the 
IQ components of the complex amplitude of the carrier 
from the homodyne detected signal [12,13]. This concept 
was demonstrated in [14], where a 20-Gb/s QPSK signal 
was demodulated with a phase-diversity homodyne 
receiver followed by digital carrier-phase estimation. DSP 
improves system stability significantly as compared with 
the optical phased locked loop (OPLL) scheme [1]. Thus 
the integration of coherent detection and DSP has become 
a key part of the next generation of optical communication 
systems. 
The post signal-processing feature of the digital 
coherent receiver where the IQ demodulation is a linear 
process is a major advantage. All the information on the 
complex amplitude of the optical signal is maintained 
even after detection [15, 16]. Thus filtering and dispersion 
compensation can be performed in the electrical domain 
after detection. Hence dispersion compensated fiber can 
be excluded. 
Moreover, polarization alignment can be achieved after 
detection as demonstrated by the polarization diversity 
scheme employed in the homodyne receiver [17, 18]. DSP 
can be used to compute and handle the complex amplitude 
of both horizontal and vertical polarization concurrently. 
Therefore, Polarization demultiplexing and compensation 
for Polarization mode dispersion can be achieved, hence 
eliminating the need for optical-polarization controllers 
and optical delay lines [8]. The integration of multi-level 
modulation formats based on coherent technologies with 
wavelength-division multiplexed (WDM) systems is vital 
to meet the aggregate bandwidth demand. One of the 
spectrally efficient modulation schemes is 16QAM [1]. 
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This modulation format can transmit 4 bits per symbol, 
where each symbol is encoded by the Gray code to reduce 
the bit error. Hence, there is only one bit difference 
between any two adjacent constellation points. Moreover, 
we can double the bit rate using polarization-division 
multiplexing. This work will investigate 16QAM 
modulation formats to improve the system performance 
and increase the reach and capacity of current optical fiber 
links cost-effectively [9, 19-21].   
 
The performance of a higher order modulation system 
can be evaluated by measuring the symbol error rate 
(SER) or bit error rate (BER) over a range of background 
noise, defined as Es/No (the ratio of energy per symbol to 
noise density) or Eb/No (the ratio of energy per bit to 
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A simple system for generating M-QAM transmission, 
adding white Gaussian noise and decoding the received 
symbol for various Es/No values was built using the 
Optisystem tool from Optiwave. The variations of SER 
with Es/No for M-QAM schemes is shown in Fig. 1. It is 
clear from the results that the SER increases as M 
( 2 )
k
M  increases and there is a good agreement 
between the simulated and theoretical plots.  
We have compared the error performance of 16QAM 
and 16PSK as both have the same number of constellation 
points. For the 16QAM format, the SER is given by:  
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The variation of SER with Es/No for both 16PSK and 
16QAM is shown in Fig. 2. It is clear from the results that 
there is a good agreement between the theoretical and 
simulation results. Moreover, the 16QAM system 
outperforms the 16-QPSK. It can be observed from the 
results that for the same symbol error rate, 16QAM 
modulation requires around 4 dB lesser signal to noise 









Fig. 2. SER for 16QAM and 16PSK. 
  
 Figure 3 shows the schematic of a coherent WDM dual 
polarization 16QAM (DP-16QAM) system. The Optical 
DP-16QAM transmitter generates a 112 Gb/s DP-16QAM 
signal, where polarization multiplexing is used. The 1550 
nm optical carrier signal generated by a CW laser is split 
into two orthogonal polarization components, which are 
modulated separately by 16QAM modulators and then 
combined using a polarization beam splitter (PBS). The 
modulated DP-16QAM signal is multiplexed by the 8×1 
AWG at the transmitter and transmitted over the multi 
spans made up of 80 km of single-mode fiber (SMF), 
followed by Erbium doped fiber amplifier (EDFA). At the 
receiver, the DP-16QAM signal is de-multiplexed by the 
1×8 AWG and received by the optical coherent DP-
16QAM receiver, which consists of a homodyne receiver 
design. The receiver has a local oscillator (LO) laser 
polarized at 45o relative to the polarization beam splitter, 
and the received signal is separately demodulated by each 
LO component using two single polarization 16QAM 
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receivers. Then the output of the DP-16QAM is fed to the 
DSP. The DSP component performs digital domain 
impairment compensation such as: dispersion 
compensation and adaptive equalization, to aid in 
recovering the incoming transmission signal after coherent 
detection. The variation of bit-error-rate (BER) with the 
optical signal-to-noise ratio (OSNR) at back-to-back (B-
T-B) and after 240-km-long SMF and the corresponding 
constellation diagrams of the 112 Gb/s DP- DP-16QAM 
modulated signals are shown in Fig. 4. The results show 
that the BER decreases with the increase of OSNR and the 
power penalty is less than 2 dB. Moreover, they show 
clear constellation diagrams, which indicates that error 




















Fig. 3. Coherent WDM DP-QAM system. 
 
 
In conclusions, we have investigated coherent optical 
communication systems based on 16QAM modulation 
formats. The error performance of the 16QAM receiver 
has been evaluated and compared with other modulation 
formats such as the 16PSK. The simulation results 
confirmed the theoretical obtained results and indicated 
that the 16 QAM outperformed the 16PSK system. 
Furthermore, a Coherent WDM dual polarization 16QAM 
(DP-16QAM) system has been investigated. The results 
show that this scheme is a practical solution for next 
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